A cytotoxic response to murine cytomegalovirus (MCMV) was obtained by the culture of lymph node cells from mice inoculated with MCMV into both hind footpads 7 days previously. The cytotoxicity was mediated by Thy1.2 +, Lyt2 +, H-2-restricted effector cells and was virus-specific. Investigation of the in vitro conditions established that T cell proliferation was necessary for optimal generation of cytotoxicity, that proliferation was dependent upon Thyl.2 +, Lyt2 + cell populations and that supernatants from concanavalin A-activated spleen cells enhanced the levels of cytotoxicity obtained.
INTRODUCTION
The generation of a cytotoxic T (Tc) cell response both in t,ivo and in vitro has been reported for many viruses (Zinkernagel & Doherty, 1979) . Usually, these T cell responses have been studied using either direct assay from primary spleen cell populations in t'it'o or re-stimulation in vitro of secondary spleen cell populations. The situation with the Betaherpesvirus, routine cytomegalovirus (MCMV) has been more difficult in that reports of direct primary cytotoxicity are few and show low levels of cytotoxicity on MCMV-infected target cells (Quinnan et al., 1978) or lack reproducibility (Ho, 1980) . Secondary stimulation in ritro with MCMV has been reported (Ho, 1980) , but in our hands cytotoxicity against MCMV-infected targets over and above that expressed against uninfected targets has been low and unreliable.
However, now that we can consistently generate cytotoxicity against MCMV-infected targets above that observed for uninfected targets by a combination of in t'ivo and in vitro methods (Sinickas et al., 1985) we have been able to characterize the effector population and the in vitro conditions needed to optimize specific anti-MCMV specificity.
METHODS
Mice. BALB/c, CBA/H and WEHI-3 mice, 6 to 12 weeks of age, were obtained from the Animal Breeding Establishment of The John Curtin School of Medical Research.
Viruses. Standard methods were used for preparation of the Smith strain of MCMV (Sinickas et al., 1985) and influenza A/WSN (Yap & Ada, 1977) .
Generatton o[ antiriral e/yector cells. Anti-MCMV effector cells were generated as described previously (Sinickas et uL, 1985) with variations given in detail in Results. Anti-influenza A/WSN effector cells were generated by secondary cultures of primed spleen cells as described by Yap & Ada (1977) .
Target cell culture. The DBA/2 mastocytoma cell line P-815-X2 (P815) and mouse embryo fibroblasts (MEF), obtained by trypsin dispersion, were grown at 37 "C in a humidified atmosphere containing 10°.~ CO_,, 7~o O: and 83 o~ N_, (special gas) in Dulbecco's modified Eagle's medium (cat. no. H 16, Gibco) supplemented with 5 o~, foetal calf serum (FCS) (Flow Laboratories), 200 ~tg/ml streptomycin, 200 U/ml penicillin G and 150 gg/ml neomycin sulphate (antibiotics). (The complete medium is referred to as DMEM.)
Cvtotoxicity assay. P815 (10 ~3) cells in 0.5 ml DMEM were infected with 0-2 ml of influenza A/WSN stock (allantoic fluid haemagglutinin titre 1 : 1024) for 60 min at 37 °C in special gas. Subsequently 600 ~tCi Naz[ 51Cr]O~ (Amersham) in 5 ml DMEM was added and incubation continued for 2 h, after which time the cells were centrifuged, washed and resuspended at 105.3 cells/ml. Aliquots of 100 ~tl were added to 96-well round-bottomed IP: 54.70.40.11
On: Fri, 28 Dec 2018 11:58:29 758 v.G. SINICKAS, R. B. ASHMAN AND R. V. BLANDEN microtitre wells (Nunc) followed by 100 lal of effector cells suspended in Eagle's MEM (cat. no. FI5, Gibco) supplemented with 5°,o FCS and antibiotics (assay medium). Cell-free supernatants were harvested after 10 h incubation as described for MEF. The MEF target cell protocol with MCMV, assay of gamma emission, and calculations for cytotoxicity were as described in the accompanying paper (Sinickas et al., 1985) .
Antiserum treatments. Cultured or uncultured popliteal lymph node (LN) cells were collected and suspended at 107`6 cells/ml in assay medium containing 100 Ixl of 1:40 dilution of Thyl. 2 antiserum (clone F7D5; Olac 1976, Bicester, U.K.) per 108 cells. After incubation at 4 oC for 45 min, the cells were washed twice and resuspended at 10 ~'° cells/ml in assay medium containing a 1:8 dilution of Low-Tox-M rabbit complement (C') (Cedarlarte Laboratories, Hornby, Ontario, Canada). After 45 min incubation at 37 °C, the cells were washed twice with assay medium and either utilized as effector cells in cytotoxicity assays or cultured.
The Lyt2 antiserum 3. 168 was generously provided by Dr J. Allen (originally described by Sarmiento et al., 1980) and was used to treat LN cells at a cell concentration of 107z cells/ml in assay medium with addition of 50 lal of 1:20 dilution of Lyt2 antiserum per 1073 cells. Washing procedures and C' treatment were as described above for anti-Thyl. 2.
Gamma radiation. LN cells were suspended at 107.3 cells/ml in assay medium and 10 -~ M-2-mercaptoethanol (2-ME) in siliconized test tubes and exposed to 400, 800, 1200 or 1600 rads from a ~°Co source.
Thymidine incorporation. On days 0, 1,2, 3 and 4 of culture, 0.1 ml aliquots of LN cells were removed from culture vessels (cat. no. 3512, Costar) and placed into 96-well flat-bottomed microtitre trays (Nunc). To each well, 50 lal of [Me-3H]thymidine (TdR, Amersham) at 25 laCi/ml was added. After 5 h incubation at 37 °C in special gas, the cells were harvested onto glass fibre paper using a MASH 11 multiple sample harvester (Microbiological Associates, Bethesda, Md., U.S.A.). The dried samples of glass fibre paper were placed in 7 ml of scintillation fluid and beta emissions counted in a liquid scintillation counter (Tricarb, Packard). All samples were assayed in triplicate.
Mitomycin C treatment. LN cells were collected and suspended at 107.0 cells/ml in Eagle's MEM to which 20 lag of mitomycin C (Sigma) in phosphate-buffered saline (200 lag/ml) was added per l0 T.° cells. After 30 rain incubation at 37°C, the cells were washed three times and cultured.
Concanavalin A-activated spleen cell supernatant ( CSS). This was prepared as previously described (Sinickas et aL, 1985) using spleen cells from WEHI-3 mice.
RESULTS
An experimental programme was undertaken in vitro to investigate the characteristics of the cytotoxic response against MCMV infection generated in cells from popliteal LN taken 7 days after hind footpad (f.p.) inoculation of MCMV and then cultured for 4 days as described in the preceding paper (Sinickas et al., 1985) .
Effector : target cell ratio
Six BALB/c popliteal LN were harvested at day 7 after bilateral f.p. inoculation of 10 J''6 p.f.u, MCMV. Single-cell suspensions were prepared and cultured without additional virus. On day 4 of culture the LN cells were harvested and assayed for cytotoxicity on MCMV-infected and uninfected BALB/c MEF targets. We have arbitrarily chosen to use pooled cells from six LN as one cultured unit and hence the effector : target (E : T) ratios are expressed as the reciprocal of the fraction of this unit (as log10), placed onto the targets in the cytotoxicity assay. In this example there was significant lysis of MCMV-infected MEF at the th: ~ highest E :T ratios ( Fig. 1 ) and lysis of uninfected MEF only at the highest E : T ratio. In other experiments, lysis of uninfected MEF in relation to lysis of infected MEF was sometimes higher and sometimes lower than the example shown in Fig. 1 .
EfJect of anti-Thyl. 2 serum, viral specificity' and H-2 restriction
BALB/c and CBA/H female mice were inoculated into both hind f.p. with 102.6 p.f.u, of MCMV and units of six popliteal LN from mice of each strain were used after 7 days to prepare single-cell suspensions. The LN cells were cultured for 4 days, harvested and subjected to treatment with Thyl.2 antiserum and C', C' treatment alone, or left untreated prior to cytotoxicity assay. Anti-influenza A/WSN effector cells were generated by in vitro re-stimulation of 108.o primed spleen cells with 107.o spleen cells infected with influenza A/WSN (Yap &Ada, 1977) . Spleen cells were harvested on day 5 of culture and used in cytotoxicity assays.
Target infected MEF were lysed by effector cells that were sensitive to treatment with Thyl. 2 serum and C' (Table 1) , were H-2-restricted (Table 2) , and were virus-specific with respect to MCMV and influenza A/WSN (Table 3) . These are the properties of antiviral Tc cells.
Effect of anti-Lyt2 serum upon cytotoxicity
Nine BALB/c female mice were inoculated into both hind f.p. with 102.6 p.f.u. MCMV. Draining popliteal LN were removed on day 7 post-inoculation when single-cell suspensions were prepared and cultured for 4 days. The cells were then harvested, pooled at 107.6 cells/ml in assay medium, divided into three aliquots and subjected to treatment with C' alone, Lyt2 antiserum and C', or left untreated.
The recovery of viable cells after anti-Lyt2 plus C' treatment and after C' alone was 75~ and 805~, respectively. Cytotoxicity was tested after all the aliquots were adjusted to equal volumes and 1/108 aliquot of the adjusted volume added to MCMV-infected or uninfected MEF. Lyt-2 antiserum and C' treatment inhibited the cytotoxic activity compared to C' alone or no treatment ( Table 4 ).
Effects of temperature and CSS
Draining popliteal LN from 12 BALB/c female mice were removed 7 days after bilateral hind f.p. inoculation with 10 -'.6 p.f.u, of MCMV. The cells from 24 LN were pooled, adjusted to 105s In the case of anti-MCMV LN cells, a 1/108 aliquot of cultured cells from six BALB/c popliteal LN was added to targets (an approximate E :T ratio of 15 : 1). In the case of anti-influenza spleen cells an E :T ratio of 15 : 1 was used.
t Effector cells were generated from 12 BALB/c popliteal LN removed 7 days after f.p. inoculation of 1026 p.f.u. MCMV and cultured as single-cell suspensions for 4 days.
:~ Anti-influenza A/WSN effector cells were generated using secondary cultures of primed spleen cells (Yap & Ada, 1977) . Anti-MCMV O'tOtoxic T cell generation 28~0 ± 1.0 5-3 + 0.7 CSS-, 37°C
27-1 ± 2-I 5.1 ± 0-5 761 * Effector cells were obtained from 24 BALB/c popliteal LN removed 7 days after f.p. inoculation of 10 ~' 6 p.f.u. MCMV and cultured as single-cell suspensions for 4 days with or without CSS at different temperatures.
t The ~o lysis values are the means ( ± standard errors of the mean) of three replicates obtained by the addition of a 1/12 aliquot of cultured cells from six BALB/c popliteal LN onto targets. t The ~ lysis values are the means ( ± standard errors of the mean) of three replicates obtained by the addition of a 1/36 aliquot of cultured cells from six BALB/c popliteal LN onto targets, cells/ml, divided into four aliquots which were cultured for 4 days (i) at 34 °C with CSS, (ii) at 37 °C with CSS, (iii) at 34 °C without CSS, (iv) at 37 °C without CSS, and then assayed for cytotoxic activity against MCMV-infected and uninfected BALB/c MEF.
Temperatures of 34°C and 37 °C were used in an attempt to duplicate popliteal LN temperature and visceral body temperature respectively. However, incubation temperature had no effect upon Tc cell generation, but the presence of CSS significantly increased cytotoxic activity against both infected and uninfected target cells (Table 5 ).
LN cell concentration in vitro
Popliteal LN from 12 BALB/c female mice inoculated into both hind f.p. with 102.6 p.f.u. MCMV were obtained on day 7. A single-cell suspension pool was prepared, divided into four aliquots and then cultured at concentrations of 10 68, 10 6'3, 10 5.8 and 10 5.3 cells/ml. On day 4 the cells were harvested and assayed for cytotoxicity against MCMV-infected and uninfected BALB/c MEF. Cell concentrations of 10 s8 to 10 5.3 cells/ml were optimal for generation of MCMV-specific Tc cells (Table 6 ).
Effect of gamma irradiation
To determine whether proliferation in vitro of cells derived from MCMV-stimulated popliteal LN was required for Tc cell generation, LN cells were subjected to various doses of gamma radiation prior to culture. Twenty BALB/c mice were inoculated with 102.6 p.f.u. MCMV into both hind f.p. On day 7 the 40 popliteal LN were removed, and a cell suspension was prepared at 107.3 cells/ml in assay medium supplemented with 10 -4 M-2-ME. This suspension was divided into five aliquots which were subjected to 0, 400, 800, 1200 or 1600 rads of gamma radiation from a 6°Co source. One quarter of the cells of each aliquot was cultured at 10 s8 cells/ml for 4 days. On days 0, 1, 2 and 4 of culture, triplicate 0.2 ml samples were removed from each culture vessel and assayed for [3H]TdR incorporation. The remaining three-quarters of each aliquot was cultured for 4 days after which a 1/12 fraction was placed onto MCMV-infected and uninfected BALB/c MEF targets for a cytotoxicity assay. [3H]TdR incorporation increased over the 4 days in culture for the unirradiated cell population, whilst for irradiated cells proliferation was decreased, with an inverse relationship between radiation dose and proliferative response (Fig. 2) . Concomitant with the decreased proliferation, there was decreased cytotoxicity against MCMV-infected targets (Table 7 ). An experiment utilizing mitomycin C instead of gamma radiation revealed complete inhibition of cytotoxic activity on day 4 (data not shown).
Effect of Thyl. 2 antiserum and C' treatment on anti-MCMV LN cells prior to culture
Twelve BALB/c female mice were inoculated with 102.6 p.f.u, of MCMV into both hind f.p. On day 7 the 24 popliteal LN were removed and a cell suspension was prepared at 107.6 cells/ml in assay medium. This suspension was divided into three aliquots which were treated with Thy 1.2 serum plus C', C' alone or assay medium only. (The recovery of viable popliteal LN cells after anti-Thyl.2 plus C' treatment and after C' alone Was 55% and 80% respectively.) Onequarter of the cells from each aliquot was cultured at 10 s's cells/ml for 4 days. On days 0, 1, 2, 3 and 4 of culture replicates of six 0.2 ml samples were removed from each culture vessel and assayed for [3H]TdR incorporation. The remaining three-quarters of each aliquot were cultured for 4 days, after which a 1/36 fraction was placed onto MCMV-infected and uninfected BALB/c MEF targets for a cytotoxicity assay.
[3H]TdR incorporation increased to a peak at 3 days for the LN cells that were untreated or subjected to C' alone ( Fig. 3) . Anti-Thyl. 2 plus C' treatment decreased LN cell proliferation (Fig. 3) . Cytotoxicity against MCMV-infected targets by LN cells treated with anti-Thyl. 2 plus C' was markedly decreased compared with cells treated with C' alone or untreated (Table 8) .
Effect of Lyt2 ant&erum and C' treatment on anti-MCMV LN cells prior to culture
Fifteen BALB/c female mice were inoculated with 102.6 p.f.u, of MCMV into both hind f.p. and on day 7 the 30 popliteal LN were removed and a cell suspension prepared in assay medium. This suspension was divided into three aliquots which were treated with anti-Lyt2 serum plus C', C' alone or assay medium only. The recovery of viable popliteal LN cells after anti-Lyt2 serum plus C' treatment or C' alone was 86 .°/and 81% respectively.
One-fifth of the cells from each aliquot was cultured at 10 s8 cells/ml for 4 days and another fifth was cultured in two equal portions with or without 5 gg/ml concanavalin A at 106.0 cells/ml in assay medium plus 10-~M-2-ME without CSS for 4 days. On days 0, 1, 2, 3 and 4 of culture, replicates of six 0.2 ml samples were removed from each culture vessel and assayed for [3H]TdR incorporation. The remaining three-fifths of each aliquot were cultured for 4 days in assay medium plus 2-ME with CSS, after which a 1/36 fraction was placed onto MCMV-infected and uninfected BALB/c targets for a cytotoxicity assay.
In the absence of concanavalin A, [3H]TdR incorporation increased to a peak at 3 days, for the LN cells that were subjected to C' alone or untreated (Fig. 4) . The cells treated with anti-Lyt2 plus C' showed a delayed onset of increased [3H]TdR incorporation (day 3) and never achieved the same level of activity as the untreated control cells during the 4-day culture. Cytotoxicity (Table 9 ) was markedly reduced by the Lyt2 antiserum plus C' treatment.
The LN cells stimulated by concanavalin A showed increased [3H]thymidine incorporation to a peak on day 3; the temporal profiles and the peak levels attained were similar, irrespective of antiserum treatments (data not shown). v.G. SINICKAS, R. B. ASHMAN AND R. V. BLANDEN * Effector cells were obtained as described in Table 8 , except for different antiserum treatments. t % Lysis values were calculated as described in Table 8 .
DISCUSSION
In this investigation popliteal LN cells taken 7 days after bilateral hind f.p. inoculation of MCMV and then cultured for 4 days have been used to characterize further the cytotoxic cells thus generated which lyse MCMV-infected target cells, and to define the conditions in vitro which support this response. The cytotoxic cells were destroyed by both Thyl. 2 antiserum or Lyt2 antiserum and complement, were specific for MCMV in comparison with influenza virus, and were apparently H-2-restricted in that they did not lyse allogeneic MCMV-infected target cells. These properties are characteristic of virus-specific Tc cells as described previously (Blanden et at., 1975; Ada et at., 1981) .
The conditions under which the popliteal LN cells were cultured for 4 days determined the magnitude of the anti-MCMV Tc cell response. The addition of CSS to the culture medium significantly increased cytotoxic activity against both MCMV-infected and uninfected self MEF target cells, suggesting firstly that inadequate interleukin production may be a limiting factor in the anti-MCMV response, and secondly that the observed autoreactivity may be T cellmediated as in other antiviral responses studied previously (Blanden & Gardner, 1976 ). However, it may be significant that the optimum LN cell concentrations for anti-MCMV Tc cell generation were 105.3 to 105's per ml. This is two-to 10-fold less than the 106.3 per ml established as the optimum for other primary and secondary antiviral responses (Blanden et al., 1977; Gardner & Blanden, 1976) and for the generation of Tc cells in mixed lymphocyte reactions (Lafferty et al., 1974) . It seems possible that this phenomenon may reflect a need to dilute an inhibiting influence on Tc cell development that could be present in MCMV-or herpes simplex virus-infected lymphoid tissues in vivo (Pfizenmaier et al., 1977) , but thus far we have not identified such an inhibitory factor.
Both proliferation of the popliteal LN cell population, and the generation of anti-MCMV Tc cells were decreased by gamma irradiation, or treatment with mitomycin C or with anti-Thyl. 2 plus complement of the responding popliteal LN cells taken 7 days after MCMV inoculation and before 4 days of culture. These experiments, together with the need l,,r CSS, indicate that clonal expansion of anti-MCMV Tc cells was required during the 4 days of culture for them to reach detectable levels. Therefore, it seems unlikely that sufficient clonal expansion had occurred in vivo by day 7 after infection, with only differentiation of effector function being required in vitro (Pang & Blanden, 1976; Raulet & Bevan, 1982) . Addition of purified interleukin-2 to the 4-day culture step could further clarify whether proliferation alone or with differentiation is required for effector Tc cell activity to develop fully in this system.
The idea that a Lytl+2 -helper T cell function required for full clonal expansion of Lytl-2 + antiviral Tc cells (Ashman & Mfillbacher, 1979) is lacking in MCMV-infected mice was consistent with results obtained by treating anti-MCMV LN cells harvested 7 days postinfection with anti-Lyt2 plus complement prior to 4 days of culture. Such treatment killed a numerically insignificant proportion of the LN cell population since > 80% viable cell recovery was obtained after both anti-Lyt2 plus C', and C' treatment alone. In contrast, anti-Thyl. 2 plus complement gave a viable cell recovery of only 55%. As expected from these data, anti-Lyt2 plus On: Fri, 28 Dec 2018 11:58:29
Anti-MCMV cytotoxic T cell generation 765 C'-treated LN cell populations contained functional T cells as indicated by their proliferative response to concanavalin A. However, there must have been very few Lyt2-anti-MCMV T cells (putative helper T cells) present or capable of proliferation under the culture conditions, since very little proliferation of this population took place in the absence of concanavalin A. Also, as expected, anti-Lyt2 plus C' treatment of anti-MCMV LN cells at 7 days markedly impaired the development in vitro of the anti-MCMV cytotoxic potential of these cells, thus suggesting that the majority of anti-MCMV Tc cells were Lyt2 +, similar to other antiviral Tc cells (Ada et al., 1981) .
